A polymer electrolyte system based on chitosan complexed with ammonium bromide (NH 4 Br) salt was prepared by the solution cast technique. 30 wt% NH 4 Br added electrolyte gave a room temperature conductivity of (4.38 ± 1.26) × 10 −7 S cm −1 and increased to (2.15 ± 0.47) × 10 −4 S cm −1 with addition of 40 wt% glycerol. The dependence of the conductivity on temperature proves that both chitosan-NH 4 Br and chitosan-NH 4 Br-glycerol systems are Arrhenian. The activation energy (E a ) value for 70 wt% chitosan-30 wt% NH 4 Br film is 0.31 eV and the E a value for 42 wt% chitosan-18 wt% NH 4 Br-40 wt% glycerol film is 0.20 eV. The carboxamide band at 1640 cm −1 and the amine band at 1549 cm −1 in the spectrum of pure chitosan film shifted to 1617 and 1516 cm −1 , respectively, in the spectrum of 70 wt% chitosan-30 wt% NH 4 Br film, indicating the occurrence of complexation between polymer and salt. The band at 1024 cm −1 in the pure chitosan film spectrum, which corresponds to the C-O stretching vibration, shifted to lower wavenumbers on addition of salt.
Introduction
Studies on polymer electrolytes for possible application in solid state devices have received much attention [1] . Problems associated with liquid electrolytes such as solvent vaporization, leakage and corrosion can be avoided, and the mechanical stability and flexibility of packaging design can be improved [2, 3] . The development of polymer electrolytes has seen the emergence of natural biopolymers such as starch [4, 5] , methyl cellulose [6] and chitosan [7] [8] [9] . Chitosan is obtained from deacetylation of chitin [10] , and is useful in a wide range of applications, e.g. the biomedical field [11] , food packaging [12] and cosmetics [13] . Chitosan films are homogeneous with high mechanical strength [14] . Chitosan contains a nitrogen atom in the amine functional group and an oxygen atom in the hydroxyl functional group, and both atoms bear a lone pair of electrons [15] . This criterion is important for a polymer in order to solvate the salt. Chitosan-lithium acetate and chitosan-lithium triflate electrolytes were reported to yield conductivities in the order of 10 −7 S cm −1 [15, 16] . Ammonium salts have also been used as dopants in polymer electrolytes. The conductivity of chitosan containing 50 wt% of ammonium triflate (NH 4 CF 3 SO 3 ) electrolyte was found to be 8.91 × 10 −7 S cm −1 at room temperature [17] . In this work, a chitosan-based electrolyte was doped with NH 4 Br. Glycerol was added to the highest conducting chitosan-NH 4 Br electrolyte to enhance the conductivity. 
Experiment
A total of 1 g chitosan (viscosity: 800-2000 cP; 1 wt% in 1% acetic acid (25 • C), Sigma-Aldrich) was dissolved in 100 ml of 1% acetic acid (SYSTERM). Different amounts of NH 4 Br (Bendosen) were added to the solution to prepare an unplasticized system. All solutions were stirred until homogeneous. For plasticized system preparation, different amounts of glycerol (SYSTERM) were added to the highest conducting sample in the unplasticized system. All homogeneous solutions were cast on plastic Petri dishes and left to dry at room temperature. The dried films were kept in a desiccator for further drying. Impedance measurements were conducted using a HIOKI 3532-50 LCR HiTESTER from 298 to 358 K in the frequency range of 50 Hz-5 MHz. The electrolytes were sandwiched between two stainless steel electrodes of a conductivity holder. The conductivity of the electrolyte was calculated using
where d is the thickness of the electrolyte, R b is bulk resistance and A is the electrode-electrolyte contact area. The value of R b was determined from the Cole-Cole plots obtained from impedance measurements. X-ray diffraction (XRD) measurement was conducted using a PANanalytical Emperean DY1032 diffractometer to determine whether a material is crystalline or amorphous. The nature of the materials would give some understanding of the conductivity of the electrolytes. In order to study the complexation between the electrolyte components, Fourier transform infrared (FTIR) spectroscopy was recorded using a Spotlight 400 Perkin-Elmer spectrometer in the wavenumber range of 450-4000 cm −1 .
Results and discussion
From figure 1(a) , the room temperature conductivity of pure chitosan film was found to be (3.78 ± 0.91) × 10 −10 S cm −1 . The low conductivity value can be attributed to the absence of mobile ions since no salt was added to the film. It is observed that the incorporation of 5 wt% NH 4 Br increased the conductivity of the electrolyte to (2.96 ± 1.22) × 10 −9 S cm −1 . The highest conductivity value of (4.38 ± 1.26) × 10 −7 S cm −1 was obtained with incorporation of 30 wt% NH 4 Br. This result is comparable with that of chitosan-NH 4 I [9] . According to Ali et al [18] , the increasing conductivity with increasing salt content can be related to the increase in the number of mobile ions. In this work, the addition of more than 30 wt% NH 4 Br decreased the conductivity. At this salt concentration range, ion association occurs more frequently than ion dissociation. This is because the distance between the ions becomes too close, which enables the ions to recombine to form neutral ion pairs, which however do not contribute toward conductivity [19] . This phenomenon decreased the conductivity. In order to enhance the conductivity of polymer electrolytes, glycerol was added as a plasticizer. From figure 1(b), the addition of 40 wt% glycerol optimized the conductivity to (2.15 ± 0.47) × 10 −4 S cm −1 . A high dielectric constant of the plasticizer can weaken the Coulombic force between the anion and cation of the salt to ease the dissociation of ions; hence more mobile ions can be provided. However, too high a concentration of glycerol can form linkages between the plasticizer itself, causing it to crystallize and thus decrease the conductivity [20] . Figure 2 shows the XRD patterns for the selected samples. From the diffractogram of pure chitosan film in figure 2(a)(i), three crystalline peaks are located at 2θ = 9.5
• , 15.4
• and 22.6
• . When 20 wt% NH 4 Br salt is added, crystalline peaks due to chitosan at 2θ = 9.5
• and 15.4
• disappeared, implying that the sample has become more amorphous. Charge carriers are reported to move easily in the amorphous region within a polymer [19, 21] . This led to the increase in conductivity. Further addition of 30 wt% NH 4 Br to the chitosan made the sample more amorphous, as depicted in figure 2(a)(iii • can be observed, implying that the sample has become more crystalline. Conductivity decreased at this salt concentration. As more salt is added to the polymer host, the ions become too close to one another, resulting in the formation of salt that does not contribute to conductivity [19] . Addition of glycerol to the system has made the electrolyte with 30 wt% NH 4 Br become more amorphous. From figure 2(b), the sample containing 40 wt% glycerol is found to be the most amorphous sample in the plasticized system, justifying that the sample is the highest conducting sample in this work. FTIR analysis was employed to study the complexation between the components of the electrolyte and the formation of ion aggregates [22] . Figure 3(a) shows the spectra of chitosan-NH 4 Br complexes in the region of carboxamide and amine bands. Those bands appeared at 1640 and 1549 cm −1 for pure chitosan film. The addition of 5 wt% NH 4 Br shifted the carboxamide and amine bands to lower wavenumbers of 1629 and 1535 cm −1 , respectively. It is observed that both bands located at even lower wavenumbers of 1617 and 1516 cm −1 with further addition of 30 wt% NH 4 Br. At this salt concentration, conductivity is the highest. The carboxamide and amine bands had shifted back to higher wavenumbers of 1621 and 1522 cm −1 , respectively, with addition of 35 wt% NH 4 Br. The shifting to higher wavenumbers implied that the ions had reassociated back to form a neutral ion pair, leading to the conductivity decrease. In figure 3(b) , the peak at 1024 cm −1 corresponds to the C-O stretching vibration in the spectrum of pure chitosan film, also shifted to lower wavenumbers with the addition of 5-30 wt% NH 4 Br. However, the band at 1062 cm −1 attributed to the C-O stretching vibration remains unchanged in position. This result is quite similar to that reported by Aziz et al [7] . In the region of 970-1005 cm −1 in figure 4 , there is no peak observed in the spectrum of unplasticized chitosan-NH 4 Br film. In the spectra of 40, 45 and 50 wt% glycerol added electrolytes, there are peaks appearing at 997 cm −1 . The appearance of this peak may be due to the interaction of salt and glycerol. No other shifts of the FTIR spectra bands were observed after addition of glycerol, indicating that there is no strong interaction between the plasticizer and the polymer matrix. Table 2 . Transport parameters for the chitosan-NH 4 Br-glycerol system at room temperature. The effect of temperature on conductivity is shown in figure 5 . The increase in conductivity with increasing temperature is the result of the increase in the number density and mobility of ions [23] . As the temperature increases, the polymer chain acquires faster internal modes in which bond rotations produce segmental motion [24] . This phenomenon favors hopping inter-and intra-chain ion movements and results in higher conductivity. As the plots in figure 5 obeyed the Arrhenius rule, the E a of each electrolyte can be calculated using
where σ o is a pre-exponential factor and k is the Boltzmann constant. From tables 1 and 2, the value of E a decreases with the increase in conductivity. This suggests that the electrolyte with higher conductivity requires only a small amount of E a to start a movement. The Rice and Roth model [25] states that an ionic conductor of mass m with energy E can be excited from the localized ionic state to another state in which the ion propagates throughout the solid with a velocity v, which is given by
The mean free path, l, which represents the distance from one complexed site to another site, can be expressed as
where τ is the time taken to travel l. In this work, l is the distance between two adjacent chitosan monomers, which is ∼10 −9 m [26] . The conductivity can also be expressed as
where Z is the valency of conducting species, e is electron charge and n is the number density of ions. Using the value of n, the ionic mobility, µ, can be obtained from
The conductivity value can be related to n and µ as shown in tables 1 and 2. The number density and mobility of ions increase as conductivity increases, confirming that conductivity is controlled by these parameters. At higher NH 4 Br and glycerol composition, the decrease in conductivity can be explained by ion aggregation, as the overcrowding ions lead to the formation of a neutral ion pair [27] . As a result, the number density of ions decreases, resulting in a decrease in conductivity.
Conclusion
In the unplasticized system, the incorporation of 30 wt% NH 4 Br gave the highest room temperature conductivity of (4.38 ± 1.26) × 10 −7 S cm −1 . With addition of 40 wt% glycerol, conductivity increased to (2.15 ± 0.47) × 10 −4 S cm −1 . The conductivity enhancement was further verified by XRD analysis. From FTIR studies, the occurrence of chitosan-NH 4 Br complexation was confirmed by the shift of carboxamide and amine bands to lower wavenumbers. The interaction between NH 4 Br and glycerol is verified by the appearance of a peak at 997 cm −1 . The plot of conductivity temperature shows that the electrolyte systems in this work obeyed the Arrhenius rule. The transport parameters evaluated from the Rice and Roth model inferred that the conductivity is affected and controlled by the number density and mobility of ions.
